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ABSTRACT: We demonstrate the generation of Surface
Enhanced Raman Spectroscopy (SERS) signals from integrated
bowtie antennas, excited and collected by the fundamental TE
mode of a single mode silicon nitride waveguide. Due to the
integrated nature of this particular single mode SERS probe
one can rigorously quantify the complete enhancement
process. The Stokes power, generated by a 4-nitrothiophe-
nol-coated antenna and collected into the fundamental TE
mode, exhibits an 8 X 10° enhancement compared to the free
space Raman scattering of a 4-nitrothiophenol molecule.
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Furthermore, we present an analytical model which identifies the relevant design parameters and figure of merit for this new
SERS-platform. An excellent correspondence is obtained between the theoretically predicted and experimentally observed
absolute Raman power. This work paves the way toward a new class of fully integrated lab-on-a-chip systems where the single
mode SERS probe can be combined with other photonic, fluidic, or biological functionalities.

KEYWORDS: surface enhanced raman spectroscopy, single mode waveguide, photonic integrated circuits, bowtie nanoantenna,

plasmonic modeling

S urface Enhanced Raman Spectroscopy (SERS) is a
promising technique for enhancing inherently weak
Raman signals by introducing a plasmonic nanostructure in
the vicinity of the analyte under study.'™'* SERS spectra have
mainly been generated using simple plasmonic substrates or
colloidal solutions of metallic nanoparticles, whereby the signal
is excited and collected by a conventional microscopy system.
Recently, photonic integrated circuits (PICs) emerged as a
promising alternative to standard confocal microscopy to probe
spontaneous Raman spectra.”” The fundamental building block
of such circuits is a single mode waveguide in which the pump
and Stokes light is guided in a high-index core material
surrounded by lower-index cladding materials. While research-
ers also started integrating nanoplasmonic antennas on top of
such waveguides,"*™* PICs have only been used to probe
SERS si§nals from external, nonintegrated, metallic nano-
particles.”' ~** Such an approach is, however, poor in terms of
quantitative results owing to the large uncertainty on the
Raman enhancement and coupling between the excitation
beam and the metallic nanoparticles.”* In order to obtain
quantitative SERS spectra a complete control of the plasmonic
enhancement and coupling with the underlying waveguide is
necessary.

Here we present a new class of SERS probes that overcomes
these issues. We demonstrate for the first time the generation of
SERS signals from integrated bowtie nanoantennas, excited and
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collected by a single mode silicon nitride waveguide. Due to the
fully integrated nature of the developed single mode SERS
probe it is possible to rigorously quantify the complete
enhancement and coupling process. We show that the SERS
spectra can be attributed to a genuine plasmon resonance effect
and experimentally determine the enhanced Stokes power,
generated by a single nanoantenna, which is coupled into the
fundamental TE mode. Furthermore, an analytical model
identifying the relevant design parameters and figure of merit
for waveguide-based SERS is developed as well. The
theoretically predicted absolute Raman power perfectly
corresponds with the experimentally observed power coupled
into the fundamental TE mode. Finally, we discuss the impact
of the shot noise resulting from the inherent silicon nitride
Raman background and outline the interplay between signal
optimization and noise reduction in order to achieve the
optimal absolute detection limit.

A schematic of the device under study is shown in Figure Ia.
The fundamental TE mode of a silicon nitride (SiN) rib
waveguide excites a periodic array of N gold bowtie antennas
coated with a 4-nitrothiophenol (NTP) monolayer. The pump
wavelength for all experiments is set to Ap = 785 nm and NTP
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Figure 1. Evanescent excitation and collection of SERS spectra. (a) Schematic of the chip consisting of single mode SiN waveguides (blue) on an
SiO, undercladding (gray), functionalized with an array of gold bowtie antennas (yellow). All antennas are coated with an NTP monolayer (purple
dots), evanescently excited by the fundamental TE mode (red). The NTP Stokes signal (green) is collected by the same mode. (b) Scanning
electron microscope image of a functionalized waveguide. The white arrows indicate antenna positions. The insets show a zoom of a typical antenna.
(c) Raman spectra of a waveguide functionalized with 40 antennas. The cyan shaded areas mark the NTP Stokes peaks while the black dashed lines
represent peaks attributed to interference effects of the plasmonic array. Before coating, the waveguide already generates a Raman background in

itself (top). After coating, NTP peaks emerge (bottom).

Stokes light (at Ag) is subsequently collected back into the same
waveguide mode. Fabrication details can be found in the
Methods section and a description of the measurement setup is
outlined in the Supporting Information, S1. A scanning electron
microscope image of the functionalized waveguide, ie. a
waveguide patterned with plasmonic nanoantennas, is depicted
in Figure 1b. All waveguides have a cross-sectional area of 220
X 700 nm?. Raman spectra of an uncoated (without NTP) and
coated (with NTP) waveguide functionalized with 40 antennas
are shown in Figure lc. The spectral regions where an NTP
Stokes peak is expected (1080, 1110, 1340, and 1575 cm™")*
are highlighted by the cyan shaded areas. Before coating, no
NTP peaks can be distinguished from the inherent SiN
background. After coating, four additional peaks appear and
coincide with the expected NTP Stokes peaks. This
demonstrates that SERS signals from single monolayer coated
antennas can indeed be excited and collected by the same
fundamental waveguide mode. The peaks at 1250 and 1518
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ecm™ (marked by the black dashed lines) are attributed to
interference effects of the Au array which act on the scattered
background light, and they are also observed on the extinction
curves of the functionalized waveguides (see Supporting
Information, S2). Hence, they do not represent specific
Raman lines.

Subsequently, the dependence of the SERS signal on the
position of the plasmon resonance was investigated to verify
that it can be attributed to a resonance effect and not to
coincidental surface roughness. To this end, waveguides
functionalized with a fixed number of antennas (N = 20) but
varying bowtie geometries were considered. The relevant
bowtie parameters are its length L, gap A, and apex angle a
(Figure 2a) and by changing the length one can tune the
antenna resonance (extinction). The single antenna extinction
spectra E(1) (in dB) are calculated through E(4) = (T,{4) —
Tyxant(4))/N in which T,{(4) is the power transmission through
a reference waveguide and Ty,,(4) is the power transmission
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Figure 2. Signal dependence on the plasmon resonance. (a) Geometrical parameters of a bowtie antenna: length L, gap A, and apex angle a. (b)
Single antenna extinction spectra for three different @ ~ 60° bowtie antennas with fixed gap A ~ 51 + 13 nm but varying length: L, ~ 95 + 8 nm
(orange), Ly ~ 110 + 12 nm (green), and Lc &~ 125 + 13 nm (blue). The red and cyan shaded lines correspond to the pump and Stokes
wavelengths, respectively. (c) Corresponding Raman spectra of the waveguides functionalized with these three bowtie anntenas (orange, green, and
blue) and Raman spectrum of the reference waveguide (red).
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Figure 3. Signal dependence on the number of antennas N. (a) Raman spectra of a reference waveguide (REF) and waveguides functionalized with
N = 10, 20, 30, and 40 antennas. (b) Zoom on the 1340 cm™ signal peak. The background is locally subtracted to obtain the pure NTP signal.

of a waveguide functionalized with N antennas (see Supporting fixed a ~ 60° bowtie geometry (L =~ 106 + 8 nm and A ~ 48 +
Information, S2, for more details).'* Figure 2b depicts such 13 nm) but varying N: N = 10, 20, 30, 40, and 70 and N = 0,
single antenna extinction spectra for three different a ~ 60° which is a reference waveguide. Each waveguide is measured 10
bowties (Ly ~ 95 + 8 nm, Ly ~ 110 & 12 nm, and Lo & 125 + times, and the averaged Raman spectra are reported in Figure
13 nm with fixed A & S1 + 13 nm), while the corresponding 3a. The N = 70 signal is not shown since it could not be
Raman spectra are shown in Figure 2¢c. The Raman spectrum of distinguished from the inherent offset signal of the detector.
a reference waveguide without any Au functionalization is also The reference waveguide generates a considerable background
shown. Even after coating the reference waveguide does not signal, resulting in background associated shot noise which will
generate NTP peaks, so any Raman signal indeed originates mask the smaller peaks. Functionalizing the waveguide with
from the antenna region and does not contain contributions increasing N reduces this unwanted background due to the
from spontaneous Raman scattering along the waveguide.'’ attenuation caused by the nanoantennas. In addition the
The L, resonance is detuned from the relevant pump and dominant 1340 cm™ peak starts to emerge when N increases.
Stokes region, resulting in a poor Raman spectrum. By The smaller peaks at 1080, 1110, and 1575 cm™" only appear
increasing the length (Ly and L bowties), the resonance when the background is sufficiently low. A zoom on the 1340
redshifts and lines up with the pump and Stokes wavelengths. cm™! peak (cyan dashed line) is shown in Figure 3b. For clarity,
For these bowties the NTP spectrum starts to emerge. The the background is locally subtracted. The signal reaches a
reported SERS spectra can hence be attributed to a plasmon maximum value for 10 < N < 20 and then decays again with
resonance effect such that a stable and reproducible enhance- increasing N. The waveguides functionalized with N = 10 or 20
ment factor can be associated with them, in contrast to SERS antennas hence show a better performance in terms of absolute
events originating from random surface defects. The increased signal enhancement compared to the N = 40 waveguide. In
overlap with the plasmon resonance, and hence extinction, also contrast, the reduced background in the N = 40 case allows to
results in a decreased background. resolve the complete spectrum. In that respect the N = 40
Due to the metal induced loss, there will exist an optimum waveguide exhibits a better performance, albeit at a reduced
number N, of patterned antennas such that the SERS signal is limit of detection since the signal enhancement is decreased.
maximized. Such an optimum is investigated in Figure 3 for a Apart from signal optimization, it is hence equally important to
104 DOI: 10.1021/acsphotonics.5b00487

ACS Photonics 2016, 3, 102—108


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00487/suppl_file/ph5b00487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00487/suppl_file/ph5b00487_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.5b00487

ACS Photonics

(a)
\ (N -1A \

z T 0 L, E A E E Ly z :: L
BAP (@n) (en RS (@) 1
B> Py NP NP A See B
1 0 0 wgs €P, €S 0 |
' n=1 ' n=N |

(b) 40
1340 cm™! * shot noise

o 30 « signal
f& : ideal model fit
é 20 { -------------- 3 randomized fit
|
S s T
Sl =Sy X

0 B gk om0 e e

0 10 20 30 40 50 60 70
N

Figure 4. On-chip SERS model and fit to the experimental data. (a) Longitudinal cross-section of the chip. The pump beam, with power Py, at

ump

wavelength A, excites a Stokes signal Ag of which the total power at the output facet is P,,.. The plasmonic array consists of N antennas with period A
and is separated L, from both the input and output facet of the chip. Each of the antennas generates P, guided Stokes power for a given pump

power. Apart from the waveguide losses a,,,

the pump and Stokes light is attenuated by the pump e and Stokes eg extinction, respectively. (b) Signal

(blue circles) and shot noise (red circles) at the 1340 cm™ peak. The dotted lines represent a constrained fit to the ideal model while the shaded
areas represent a randomized fit to estimate the uncertainty on the experimental parameters. The white square denotes the minimum number of

antennas N,;, required to generate a detectable signal.

reduce the SiN background such that the smallest spectral
features can be distinguished. In order to outline the interplay
between signal enhancement and background reduction, we
have developed an analytical model that incorporates all
relevant design parameters and elucidates on the absolute
detection performance.

Figure 4a shows a schematic longitudinal cross-section of the
chip consisting of N antennas spaced with period A = 10 um.
Each array is centered on the waveguide with a distance L, &
0.5 cm to the front and back facet of the chip. The NTP
monolayer on each antenna will generate a forward propagating
Stokes power Py(Ap, As) = na(4p, /’{‘S)Ppump for a given pump
power Py The single antenna conversion efficiency 7a(Ap,
Ag) is an antenna-dependent factor incorporating the integrated
field enhancement profile near the metal surface and the
molecular density and Raman cross-section. The total trans-
mission loss induced by one antenna at wavelength A is given
by 1 — ¢;', whereby ¢, is the linear antenna extinction. Apart
from the intrinsic waveguide losses a,,, the pump and Stokes
light will hence also be attenuated by ep and e, respectively. In
the Supporting Information, S3, it is then shown that the total
Stokes power P, generated by an array of N coated antennas is

approximately given by
N
- (2)
p

- (3)

The quantity FOM(N, Ap, 4s) contains all necessary parameters
to assess the SERS signal strength for a given waveguide
geometry and is hence considered to be the relevant figure of
merit (FOM) in comparing the performance of integrated
antenna arrays. The optimum antenna number NOpt
log{log(es)/log(ep)}/log(es/ep). For the particular bowtie
antenna studied in Figure 3, the extinction spectrum e(4) and
single antenna conversion efficiency #7,(4p, Ag) are numerically

P
tot 77A(/1p; As)e_zangles(l_N)

pump

= FOM(N, Ap, Ag)e *®sh
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evaluated using Lumerical FDTD Solutions (see Methods).
The predicted N, for the 1340 cm™' peak is 8—9 antennas,
using the simulated extinctions ep = 1.16 (Ep = 0.63 dB) and e
= 1.10 (E5 = 0.43 dB), while 7, ~ 2.19 X 107'%. For each 1 W
of pump power, the antenna is therefore expected to generate
2.19 fW of guided Stokes power. The Raman enhancement
factor is calculated through EFy = EF(1p)EF(4)* in which
EF(4) is the local field enhancement (see Methods). In the
center of the gap at 5 nm from the tip of the antenna (marked
by the black dot in Figure 2a), an EFy ~ 1.14 X 10* is expected.
Due to the large gap the enhancement is relatively low.
However, fabrication induced variations on a larger gap will
have less pronounced effects on EFy as compared to variations
on a very narrow gap. Since our primary goal is to investigate
the properties of this platform and establish whether our
analytical model can faithfully reproduce the experimental data,
it is more convenient to work with a larger gap and avoid
possible large variations in EFy. This allows a more reliable
comparison between theory and experiment. Furthermore, it is
interesting to assess the efficiency with which the total emitted
Stokes radiation is coupled to the fundamental TE mode. The
P-factor is a measure for this efficiency and is determined by the
ratio of the Stokes power coupled into the fundamental TE
mode Ppp; and the total radiated Stokes power P, 4, f = Prp/P,oq
(more details on the calculation of 8 can be found in the
Methods). For the 1340 cm™" line, # & 17% for a dipole in the
center of the gap and at 15 nm above the top surface of the
waveguide. The total modal power is equally distributed in
forward and backward propagating TE light. As far as the pump
efficiency is concerned, it is important to note that the pump
power which is not used by the first antenna, is still fully
available for the next antennas in the array (apart from a small
waveguide loss reduction). In that respect it is possible to
transfer almost all the pump light to the antennas, which makes
the overall energy transfer quite efficient. It should be noted,
however, that part of the exchanged power is lost due to
nonradiative heating and, hence, does not contribute to the
optical excitation. By sweeping the geometrical parameters, one
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could in principle find a configuration that optimizes the p-
factor or the useful energy transfer. However, since the overall
Raman process is a combination of two wavelength
contributions, it is likely that a separate optimization of the
structure for either the pump or Stokes light will not yield the
optimal SERS signal; hence, it remains essential to optimize the
suggested figure of merit as this eventually determines the
maximal SERS signal. Apart from the relevant NTP signal, the
SiN itself generates a considerable background while the pump
beam is propagating along the waveguide. This background
signal Py, can be approximated by

b _ _ _
£~ ’73(/111; Ag)e 2OC"SLI(@PN + e N)Ll
pump

in which #55(dp, As) is a waveguide-dependent factor
incorporating the specific modal field profile and the SiN
molecular density and cross-section (see Supporting Informa-
tion, S4). It is clear that the background increases linearly with
the total propagation length (o L;) and decays exponentially
with the number of antennas. In order to achieve the highest
signal-to-noise ratio (SNR) it is hence important to keep L, as
short as possible.

Our analytical model and the associated numerical
calculations will now be benchmarked against the spectra
from Figure 3 to verify whether the theoretically estimated
power values correspond to the experimentally obtained
absolute Raman powers. To this end, the NTP signal strength
at 1340 cm™!, obtained from Figure 3b, is analyzed as a
function of the antenna number N and compared with the
theoretical estimations. Furthermore, the background associ-
ated shot noise is also calculated. The results are depicted in
Figure 4b. While the ideal model assumes N identical antennas,
the fabricated antennas will show differences among each other
resulting in changes of ep, e, and 7, from one antenna to the
other. In order to incorporate potential differences of these
parameters we have developed a generalized on-chip SERS
model as described in the Supporting Information, SS. By
applying a randomized fit to this generalized model, it is
possible to estimate the uncertainty on the experimental
parameters ep, es, and 77,. For each of these three parameters,
we generated a set of normally distributed numbers and
plugged them into the generalized model to calculate the
distribution of signal and shot noise counts. The obtained
signal and shot noise distributions then define an area within
which the probable signal (blue area) and noise (red area)
counts are situated. The mean values of the original ep, e5, and
1, distributions are extracted from an initial constrained fit to
the ideal model (dotted lines), while their standard deviations
are chosen such that the eventual signal and shot noise
distributions cover all experimental data points (red and blue
dots). Based on the randomized fit, it is possible to estimate the
spread on the experimental parameters: E, = 0.49 + 0.15 dB,
Eg ~ 035 + 0.11 dB, and 7, = (2.60 + 0.77) X 1075
(theoretically, E, = 0.63 dB, Eg = 043 dB, and 7, = 2.19 X
107" were predicted). The theoretically predicted parameters
are all within the error bars of the experimentally fitted data,
which clearly establishes the validity of our model and its ability
to provide quantitative predictions of the absolute Raman
power coupled into a single mode waveguide. Given this
excellent correspondence, we expect the fabricated structures to
have a Raman enhancement factor EFy on the order of 1.14 X
10* near the two antenna gap tips. Decreasing the gap size
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should boost EFy and 7, by another 2 or 3 orders of
magnitude. From the fitted conversion efficiency 7, one
immediately derives that a single antenna produces (2.60 +
0.77) fW of guided Stokes power for each 1 W of guided pump
power. Compared to the free space Raman scattering P, of a
single NTP molecule in a bulk air environment P, = 3.94 X
10°P,. This includes the excitation and emission enhancement
of all molecules in the monolayer, as well as the coupling
efficiency to the guided mode. Since only half of the Stokes
light is carried by the forward propagating mode, the total
power coupled into the fundamental TE mode is therefore ~8
X 10°P,.

Our observations also reveal that a minimum number of
antennas N is required to generate a detectable signal
(marked by the white square in Figure 4b). If N < N,,., then
the shot noise still dominates on the signal. It has to be noted,
however, that the relevant signal is generated in a very small
region (N — 1) A compared to the overall length 2L, + (N —
1) A =~ 2L,, while the shot noise is mainly attributed to this
nonuseful length 2L, ~ 10000 pm. Practically the antenna
section can be made as short as £10 ym for a single antenna.
Consequently, designs in which dedicated on-chip splitters are
used to separate the pump and Stokes light should in principle
allow to reduce the background by a factor of 1000. These
devices are therefore expected to have a /1000 & 32 times
higher SNR, pushing toward the N, = 1 limit, such that
signals generated by a single antenna can still be detected. As a
result it would become possible to simultaneously probe large
areas of analytes (>4*) and detecting all SERS events
originating from different locations by monitoring just a single
waveguide output, in contrast to microscopy based systems
where one has to serially scan all hotspot locations. Background
reduction through such designs is moreover important to relax
the trade-off between signal enhancement and resolving the
spectrum. As we have previously discussed, the smallest features
of the NTP spectrum only become visible when the
background is sufficiently low. For example, the 1110 cm™'
peak is visible for the L. structures in Figure 2¢, but not for the
Ly ones. Despite this advantage of the L. structures, the
absolute SERS enhancement (and hence output signal
strength) of the Stokes peaks itself is lower for the L
structures as compared to the SERS enhancement of the Ly
structures. Numerical simulations show that the figure of merit
FOM(N,,y 4p, 4s) of each of the Stokes lines (always evaluated
at the corresponding optimum antenna number N,,,) of the Ly
structures is on average 1.51X higher than the corresponding
FOM(N,,y Ap, 4s) of the L¢ structures. This means that if one
wants to resolve the total spectrum by reducing the background
through antenna attenuation (so, e.g., replacing the Ly by L
antennas), one might have to select a nanoplasmonic antenna
array with a nonoptimal performance in terms of absolute SERS
enhancement. The reason for this decrease of the figure of
merit is that one either has to select a nonoptimal antenna
number (for a given bowtie geometry) or select a nonoptimal
bowtie geometry (for a fixed N) to allow a sufficient reduction
of the background. In the example of Figure 2¢, a nonoptimal
bowtie geometry (L over Ly, for a fixed N) had to be selected
to generate a substantial extinction of the background. Figure 3
exemplifies the other case in which a nonoptimal antenna
number (N = 40) allows to completely resolve the spectrum,
while the overall SERS signal strength is reduced as compared
to the N = 10 or N = 20 case. When the background is reduced
by a dedicated chip design, one maintains the possibility of
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optimizing the antenna array in terms of absolute SERS
enhancement. Since N, is completely determined by 4, and
Ag, the highest absolute SERS signal strength will then be
obtained for an array geometry for which FOM(NOPt(/lp, 2s); Apy
As) = FOM(4y, Ag) is optimized for a given Ap and Ag. By
numerical simulation one can show that for a fixed angle a ~
60° and gap A ~ 51 nm, the optimal length L ~ 110 nm (for
the given pump and Stokes wavelengths). The same procedure
can be repeated for other gap sizes or other geometries. Hence,
using our model it is possible to find an antenna array which
maximizes the absolute on-chip SERS enhancement for a given
pump and Stokes wavelength.

In conclusion, we have fabricated a fully integrated single
mode SERS probe enabling on-chip excitation and emission
enhancement in the 700—1000 nm region and developed an
analytical model to outline the relevant design parameters and
figure of merit for this new platform. It is shown that the SERS
spectra can be attributed to a plasmon resonance effect and that
the Stokes power coupled into the fundamental TE mode
perfectly matches with the theoretical predictions extracted
from our analytical model. As a result, the suggested platform
enables a complete quantitative control on the Raman
enhancement and subsequent coupling of the enhanced Stokes
light with the underlying waveguide. Furthermore, we
established, theoretically and experimentally, the existence of
an optimal number of antennas to maximize the SERS signal
and discussed the impact of the SiN background noise on the
absolute detection limit, while providing strategies to
simultaneously optimize the signal and mitigate the noise.
The 700—1000 nm wavelength region is of particular interest
for Raman sensing due to the low fluorescence, negligible water
absorption and availability of high quality and low-cost sources
and detectors.”® In combination with other on-chip spectral
functionalities, such as arrayed waveguide gratings,26 the
presented SERS probe is forecasted to allow multiplexed
detection of extremely weak Raman signals on a highly dense
integrated platform. We also envisage that integrated nano-
antennas, similar to the ones reported here, could be used as
transducer between quantum dot emitters and the fundamental
waveguide mode, potentially enabling applications in on-chip
quantum communication and quantum computation.”’28

B METHODS

Fabrication Details. The fabrication consists of a two-step
e-beam lithography process. In the first step, the nanoplasmonic
antennas are patterned on top of a slab Si/SiO,/SiN wafer
using a positive PMMA e-beam resist. After PMMA exposure,
the samples are developed in a 1:1 MIBK:IPA solution after
which a 2 nm Ti adhesion layer and 30 nm Au layer are
deposited in a commercial Pfeiffer Spider sputter system. The
samples are then immersed in acetone for lift-off. In the second
step, the waveguides are defined. After metal lift-off, a negative
ma-N 2403 resist is spun, exposed, and developed in ma-D 525.
An e-spacer is also spun on top of the ma-N 2403 to avoid
charging effects. The developed samples are then etched with
an ICP plasma (C,Fg/SF¢ mixture) in a commercial Oxford
Plasmalab system. After resist strip and cleaning, the samples
are immersed overnight in a 1 mM NTP:EtOH solution and
subsequently rinsed with pure ethanol to remove the residual
NTP. A self-assembled monolayer of NTP is assumed to form
on the Au surface through a Au—S bond.””

Numerical Simulations. Numerical simulations were
performed with Lumerical FDTD Solutions. We used a
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refractive index of ny, = 1.9 for the SiN rib (with width w,,
=700 nm and height h,, = 220 nm), n,q,q = 145 for the SiO,
undercladding and n,4,q = 1 for the top cladding (air). The Si
substrate was not taken into account since the real oxide
cladding is thick enough to avoid substantial power leakage to
the Si such that the numerical results faithfully represent the
actual experimental conditions. A thin native oxide layer (£,,, =
2 nm) between the SiN and the Ti has also been
incorporated.'” The metal stack thicknesses are fixed to t; =
2 nm and t,, = 30 nm and a built-in refractive index model for
Au (Johnson and Christy’”) and Ti (CRC™) is used. An
additional surface layer with thickness fyrp = 1 nm and index
niytp = 3 is used to model the NTP monolayer. The antenna
region (including the Ti adhesion layer and the NTP
monolayer) is meshed with a uniform mesh of 0.5 nm in the
plane of the antenna (yz-plane) and 2 nm in the x-direction. A
mesh refinement to 1 nm (0.5 nm) is applied in regions where
the thickness in the x-direction is <2 nm (<1 nm). The
estimated surface area of an NTP molecule is 0.18 nm?, so the
surface density is then p, = 5.56 X 10'® molecules/m>>’ The
Raman cross-section is 6 &~ 0.358 X 107 cm?/ sr, which was
obtained by applying the A5* scaling to the original data of the
1340 cm™ line.”" Single antenna extinction spectra E(1) (in
dB) are calculated through E(1) = T, (1) — T,.(4) in which
T,.{(4) is the power transmission (in dB) through the reference
waveguide and T, (4) is the power transmission (in dB) of a
waveguide functionalized with one antenna. Linear extinction

spectra e(4) 2 ¢, are then given by e(4) = 105”/1°, A field and
index profile monitor are used to extract the local field [E(r,A)!
and index n(r) around the antenna. The single antenna
conversion efficiency

po I/ /V ) ng(Ap)ng(25)A51E(x, Zp)PIE(r, Ag)Pdr
2t (//n(r)zlEm(r, ﬂp)lzdr)(ffn(r)zlEm(r, ﬂs)lzdr)

”A(’]'Pr j'S) =

is calculated by integrating the local fields over the effective
monolayer volume V,, in which the index satisfies n(r) l,c; =

nyrp (see Supporting Information, S3). The group index of the
waveguide mode is 7,(1). The denominator is calculated using
the modal fields E™(r,A) of a nonfunctionalized reference
waveguide and the local field enhancement is given by the ratio

of the local and modal electric fields: EF(r, 1) = |§(r;/?)ll~ Ata

certain position, the Raman enhancement factor EFy is
calculated as EFy = EF(4p)*EF(A)%. In order to determine
the p-factor of the system we calculated the total radiated
power P, 4 and the power coupled to the fundamental TE mode
Prg. The p-factor is then given by f = Prp/P, 4 For these
calculations we considered a fixed dipole emitter source near
the antenna surface. P4 can then be calculated using a 3D
power monitor of which the boundaries are in the far field of
the dipole source. Py can be simultaneously determined using
a mode expansion monitor that extracts the power carried by
the TE mode. Numerically calculated values are mentioned in
the main text.
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